Homeostatic systems for essential and non-essential metals create the cellular environments in which the correct metals are acquired by metalloproteins while the incorrect ones are somehow avoided. Cyanobacteria have metal requirements often absent from other bacteria ; copper in thylakoidal plastocyanin, zinc in carboxysomal carbonic anhydrase, cobalt in cobalamin but magnesium in chlorophyll, molybdenum in heterocystous nitrogenase, manganese in thylakoidal water-splitting oxygen-evolving complex. This article reviews: an intracellular trafficking pathway for inward copper supply, the sequestration of surplus zinc by metallothionein (also present in other bacteria) and the detection and export of excess cobalt. We consider the influence of homeostatic proteins on selective metal availability.
luted' with dioxygen some 2.7U10 9 years ago according to broadly accepted theory [1] . This closely correlates with the appearance of cyanobacteria and hence dioxygen-generating photosynthesis. Molecular phylogenies based upon slowly evolving sequences generate plausible cyanobacterial genealogies, but relatively low bootstrap values obtained for deeper branch points [2] prevent the con¢dent assignment of branching order in the early parts of trees. Similar depths to these early branches indicate a rapid evolutionary radiation following the emergence of cyanobacteria [3] . It is reasonable to suppose that the greater autonomy provided by photosynthesis allowed early cyanobacteria to colonise vast vacant habitats, life previously being restricted to niches with exploitable sources of chemical energy. In the absence of competition, rapid evolutionary divergence of ancestral cyanobacteria was likely to occur under minimal constraint.
In a reducing environment the predominance of relatively soluble ferrous iron readily permits cellular acquisition and during early evolution this will have encouraged widespread recruitment of iron as a cofactor in, for example, biological redox chemistry. By contrast, under oxidising conditions ferric iron is poorly soluble with meagre amounts held in solution in many ecosystems via association with trace organic ligands including siderophores. Life's 'addiction' to iron is thought to re£ect this early evolution in an iron-rich reducing environment [1] . When the supply of iron became more limiting this necessitated the evolution of elaborate and often energetically expensive iron acquisition systems, described elsewhere [4, 5] . Large-scale seeding experiments con¢rm that today iron availability limits growth of oceanic cyanobacteria possibly due to its requirement in nitrogenase and hence nitrogen ¢xation [6] . The transition from reducing to oxidising conditions is also thought to have changed the solubility of other metals, copper being liberated from insoluble sul¢des [1] . Initially this would have selected for detoxi¢ca-tion systems but subsequently provided an opportunity for the use of newly available cofactors in emergent enzymes. More precise homeostasis and speci¢c uptake systems would follow. Thus, at a time when cyanobacteria were evolving rapidly the requirements for metal homeostasis were changing swiftly.
The genome of Synechocystis PCC 6803 was among the ¢rst to be fully sequenced and has been followed by several other cyanobacteria: Anabaena PCC 7120, Prochlorococcus marinus MED4, Synechococcus WH 8102 and Thermosynechococcus elongatus BP-1. At least ¢ve more are in progress and nearing completion at the time of writing: Gloeobacter violaceus PCC 7421, Nostoc punctiforme, Trichodesmium erythraem, Synechococcus PCC 7002, Synechococcus PCC 6301 and Synechococcus PCC 7942. The ¢nal two, Synechococcus PCC 7942 and PCC 6301, have both been referred to as Anacystis nidulans and are generally considered to be di¡erent isolates of the same, or closely similar, organism. Table 1 lists the current web sites where these genomes can be accessed. It will be of interest to contrast the gene complement of all these cyanobacteria, looking for evidence of diversity in the homeostatic systems for metals.
Toxic excesses of the essential metals considered in this review within freshwater ecosystems can be caused by anthropogenic factors including mine drainage and industrial processes. High zinc contents of e¥uents from domestic sources are commonly caused by the widespread use of zinc oxides in skin care products. In zinc-enriched waters of high pH, cyanobacteria are abundant and can be the dominant organisms [7] . Copper pollution of marine aquatic environments has resulted from use of copper (subsequently replaced by tin compounds) in antifouling paint for ships hulls, as an algicide and wood preservative. It was estimated that 180 tonnes of copper entered the coastal waters of California between Santa Barbara and San Diego from antifouling paints in one year. At one time, municipal waste from Los Angeles was estimated to contribute 510 tonnes of copper to the sea each year [8] . Metal availability can be signi¢cantly in£uenced by localised anoxic conditions, by changes in pH and by surges in the concentrations of other ions in solution, such as calcium and phosphate which dramatically reduce zinc toxicity to cyanobacteria [9, 10] . Polyphosphate bodies appear within some cyanobacteria in response to exposure to elevated copper and zinc, and these are implicated in internal metal sequestration [11] . Copper is very poorly available in highly alkaline lakes and this has been correlated with its lack of exploitation for photosynthetic elec- Table 1 Internet addresses of complete and incomplete cyanobacterial genomes tron transport in some ecosystems (Section 2.1). In soils, the availability of metals can £uctuate both temporally and spatially over short distances (close to or distant from soil particles) and time scales (due to rapid change in soil moisture content). Presumably such rapid transients select for regulatory proteins that sense metal levels, and for homeostatic systems that the regulators control.
Copper tra⁄cking to the thylakoid
An unusual feature of some, though not all, cyanobacteria is the presence of internal thylakoid membranes. Thylakoids are absent from some slowly growing strains such as Gloeobacter in which photosystems are active at the plasma membrane. Phylogenetic analyses suggest that Gloeobacter is a member of an early lineage. Other cyanobacteria contain active photosystems at both the plasma and thylakoid membranes, while in Synechocystis PCC 6803 components of photosystems I and II (PSI, PSII) can be immunologically detected in preparations of both membrane types, although there is support for the view that these are only active at the thylakoid [12] . The biogenesis of cyanobacterial thylakoid membranes is not fully understood but one plausible model is that it involves invagination of the plasma membrane and therefore some thylakoid membrane proteins may insert prior to this step even if they remain inactive until formation of mature thylakoid membranes. The evolutionary advantage of thylakoids probably relates to the compartmentalisation of toxic oxygen by-products of photosynthetic electron transport, thereby allowing greater photosynthetic activity without cellular damage and hence higher growth rates. Proteins of respiratory electron transport can also be detected at both membranes in Synechocystis PCC 6803 but again there is debate about whether or not this process is active at the plasma membrane.
The existence of thylakoids creates special metal-traf¢cking requirements peculiar to these bacteria. For example, four atoms of manganese are required to generate the holo-form of the water-splitting oxygen-evolving complex associated with the luminal face of PSII (Fig. 1) . Manganese acquisition in Synechocystis PCC 6803 involves MntABC, an ABC-type permease that mediates high-af¢nity transport under starvation conditions [13] , a second high-a⁄nity transporter for manganese-su⁄cient conditions [14] and a low-a⁄nity transporter, the latter being indirectly observed from transport kinetics but the proteins involved are currently unknown. Manganese uptake is controlled via a two-component signal transduction pathway [15] . It is feasible that tra⁄cking of the manganese cofactor is a late step in assembly of the photosynthetic electron transport machinery, which dictates the site of activity (thylakoidal versus plasma membrane). The thylakoids of Synechocystis PCC 6803 also contain two copper proteins, plastocyanin and a caa 3 -type cytochrome oxidase, raising similar questions about how this metal cofactor is supplied to these enzymes, and the extent to which copper tra⁄cking determines/controls their sites of activity.
Plastocyanin and cytochrome oxidase
Thylakoid membranes cluster at the periphery of the cell and contain the two photosystems plus proteins of the associated electron transport pathway (Fig. 1) . Upon light activation of PSI an electron is lost for the generation of NADPH from NADP creating, in e¡ect, an electron 'hole' at the luminal face of PSI. Light activation of PSII leads to electrons derived from the splitting of water by the oxygen-evolving complex passing via an intramembranous quinone pool to cytochromes b 6 and f e¡ectively presenting an electron at the luminal face of this complex. There is su⁄cient spatial separation between the membrane systems (b 6 /f and PSI) to require a di¡usible carrier to shuttle electrons between the two. In higher plant chloroplasts the carrier is the copper protein plastocyanin and this is also present in many, though not all, cyanobacteria. For example an absence of plastocyanin has been reported for a strain of Spirulina maxima recovered from Lake Texacoco, in Mexico. This lake has a pH greater than 10 in which copper will be insoluble. Plastocyanin is suitably small to freely di¡use within the thylakoid compartment, acquiring or donating electrons as it transiently comes into contact with the luminal faces of the cytochrome b 6 /f complex and PSI. The interacting surfaces between plastocyanin and PSI have been mapped. At rest, in the dark, plastocyanin is in a reduced state and becomes transiently oxidised upon photoactivation of the photosystems, initially donating an electron to the 'hole' associated with PSI and subsequently becoming re-reduced upon impact with a reduced cytochrome b 6 /f complex.
Some cyanobacteria and green algae, such as Chlamy- Fig. 1 . A simplistic representation of photosynthetic and respiratory electron transport in Synechocystis PCC 6803. Thylakoids cluster at the cell periphery and contain active PSI and PSII and a caa 3 -type cytochrome oxidase (CO). The latter contains two copper atoms (CuA and CuB). Upon photostimulation of PSII electrons are passed via the plastoquinone pool (Pq) and the b 6 /f complex (b 6 f) to a soluble carrier within the thylakoid lumen. This carrier may either be copper-containing plastocyanin (PC) or, under copper de¢ciency, cytochrome c 6 (C 6 ). At rest, in the dark, the carrier is reduced and initially donates an electron to photostimulated PSI. OEC represents the oxygen-evolving, watersplitting complex.
domonas sp. [16, 17] , adapt to copper de¢ciency by exploiting alternative carriers. In copper-su⁄cient Synechocystis PCC 6803, plastocyanin (encoded by petE) is used, but under copper de¢ciency this is replaced by cytochrome c 6 (encoded by petJ). Thus electrons £ow through haem iron rather than copper when the latter is in short supply [18] . The switch between these two proteins coincides with an equivalent change in the abundance of the respective transcripts. It is also possible to monitor which carrier is involved in electron £ow by quantifying £ash-induced absorbance changes in the visible region [19, 20] , since the di¡erent carriers undergo absorbance changes at di¡erent wavelengths upon transient oxidation following a pulse of actinic light. This makes possible the non-invasive monitoring of a copper-dependent biochemical change within an internal compartment. Some proteins are imported into the thylakoids of cyanobacteria, and plant chloroplasts, by the Sec system while others enter via the vpH-dependent pathway (the TAT system) [21] . The former pathway requires the proteins to be unfolded as they cross the lipid bilayer while the latter transports folded proteins. Thus, the latter pathway tends to be exploited for the transport of proteins with complex cofactor requirements allowing the proteins to associate with the cofactor prior to import and avoiding the need for a separate pathway for supplying the cofactor to the thylakoid lumen. Importantly, plastocyanin is imported via the Sec system establishing that a separate copper transport and tra⁄cking system must deliver copper to this compartment. The transport and tra⁄cking of copper to this location is of fundamental importance, plastocyanin having a pivotal role in the conversion of light to chemical energy within the biosphere.
Cytochrome oxidase in Synechocystis PCC 6803 is found in thylakoid membranes. The enzyme has both an intramembranous copper site closely associated with haem iron (site B), and a site associated with a soluble domain inside the thylakoid lumen (site A). Analyses of carefully fractionated thylakoid membrane preparations con¢rm active cytochrome oxidase at this location [22] . Thus, the thylakoid contains two important copper-requiring proteins imposing an extra dimension to copper homeostasis in cyanobacteria, in comparison to other prokaryotes.
P 1 -type copper ATPases, PacS and CtaA
Deletion of a gene encoding a deduced P 1 -type ATPase, pacS, in Synechococcus PCC 7942 caused copper hypersensitivity and the gene product was localised to thylakoid membranes [23] . Deletion of a related gene, ctaA, in the same strain caused (slightly) elevated copper resistance which was attributed to impaired copper import at the plasma membrane [24] . Analogous phenotypes for mutants [25] imply analogous locations for the related proteins in Synechocystis PCC 6803, although this remains to be con¢rmed by immunocytology or £uorescent labelling.
There are many precedents for transporters of this type exporting copper from the cytosol, either to the external medium [26, 27] and/or to an internal compartment [283 0], although the latter has only previously been documented in eukaryotes. Both of these cyanobacterial strains, Synechococcus PCC 7942 and Synechocystis PCC 6803, require copper for the electron transport pathways described in Section 2.1 providing opportunity for PacS and CtaA to contribute towards copper supply, not merely export for detoxi¢cation.
To investigate whether or not CtaA and/or PacS contribute to the delivery of copper for plastocyanin, the respective mutants were analysed for plastocyanin and cytochrome c 6 transcripts [25] . In copper-replete (0.2 WM) conditions, under which normal cells accumulate plastocyanin rather than cytochrome c 6 transcripts, both of the mutants showed the converse. Consistent with this observation, the kinetics of light-induced change in absorbance deconvoluted at 254 nm revealed a persistence of photooxidation of cytochrome c 6 in the presence of 0.2 WM copper within pacS and ctaA mutants, unlike wild-type. Copper super-supplementation (to 0.8 WM) of ctaA-de¢-cient cells led to a decline in the photo-oxidation of cytochrome c 6 , presumably due to compensatory copper uptake by lower-a⁄nity importers. Membranes isolated from pacS and ctaA mutants also have less cytochrome oxidase activity compared to wild-type [31] . Clearly both transporters act positively with respect to the activities of copper-requiring proteins, inconsistent with an exclusive role in copper export for detoxi¢cation but consistent with roles in the inward supply of copper at plasma and thylakoid membranes (Fig. 2a) .
Deletion of pacS in Synechocystis PCC 6803 conferred copper sensitivity, analogous to that reported for mutants in the equivalent gene in Synechococcus PCC 7942 [23] , but also silver resistance [31] . It is anticipated that the thylakoid is supplied with antioxidant systems to handle reactive oxygen by-products of photosynthesis and these may also negate toxic e¡ects of any accumulation of redox-active copper. It is also presumed that copper is less toxic within the thylakoid than elsewhere in the cytoplasm due to the greater abundance of binding sites provided by copper proteins in this location. Conversely, a copper analogue such as silver will be especially damaging within the thylakoid where its targets (copper proteins) are located. PacS-de¢cient mutants of Synechococcus PCC 7942 [23] and Synechocystis PCC 6803 [32] are also highly sensitive to NaCl, while ctaA-disrupted cells are not [32] . Furthermore, analysis of haem proteins revealed that both ctaA and pacS mutants produce an alternative luminal cytochrome c 550 while ctaA mutants alone generate constitutive levels of cytochrome c 553 . This has been explained in terms of the intracellular localisation of copper in the two mutants di¡erentially in£uencing either copper perception in the cytosol, which will only be low in ctaA mutants, and/or copper loading into plastocyanin. Mutants in pacS may synthesise some apo-plastocyanin that fails to mature to the holo-form, while this may not occur in cells de¢-cient in ctaA. It is further suggested that salt sensitivity in pacS mutants could be a product of aberrant cyclic electron transfer activity under salt stress due to ine⁄cient electron transfer between cytochrome b 6 /f and PSI [32] .
The copper metallochaperone Atx1 from
Synechocystis PCC 6803
There is essentially no free copper in the cytoplasm of Saccharomyces cerevisiae [33] and it is anticipated that the same is true of other cell types. Evidence that Escherichia coli sensors of zinc excess or de¢ciency respond at subpicomolar zinc concentrations in vitro, equating to less than one atom of zinc per cell, has also been interpreted to suggest that there is unlikely to be a cellular pool of free, or very weakly bound, zinc [34] . It has become apparent that copper metallochaperones assist in the delivery of copper ions to target proteins (such as superoxide dismutase) or target compartments, encouraging advantageous copper^protein partnerships while inhibiting others en route [35^37] . Nickel metallochaperones are also known [38] and reviewed [39] but it remains to be established whether special delivery proteins represent the paradigm for the acquisition of essential metal cofactors by metalloproteins, or a rarity.
In S. cerevisiae cells, copper is delivered to cytosolic superoxide dismutase via CCS [40^43], to mitochondria via COX17 [44, 45] and to the Golgi via ATX1 [46, 47] .
Analogous proteins (Atox1, also called Hah1) are present in man. It has been suggested that a lack of intracellular compartments in prokaryotes (with the crucial exception of most cyanobacteria) circumvents a requirement for a network of copper metallochaperones, although Enterococcus hirae contains an ATX1-like protein, CopZ, which has been shown to interact with a copper-transporting ATPase in vitro [48] , release copper to a copper-responsive transcriptional regulator CopY in vitro [49, 50] and contribute to e⁄cient perception of copper in vivo [51] . Proteins related to CopZ/ATX1 are present in many bacteria including Synechocystis PCC 6803 (see following), and copper tra⁄cking in E. hirae has been reviewed [52] . Intriguingly, Anabaena PCC 7120 (Nostoc) contains three genes (asr7638, as13721, as12417) encoding such proteins, all predicted to form elements of secondary structure characteristic of the ferredoxin-like fold of CopZ/ATX1. While modelled structures of the products of as13721 and as12417 predict negative interacting surfaces, analogous to other bacterial copper metallochaperones, the product of asr7638 has a positive surface ( Fig. 3a) suggesting different partnerships, the nature of which awaits discovery.
Substantial progress has been made in understanding the process of metal transfer from some copper metallochaperones to their respective copper-accepting partners. In the case of CCS this involves the transient formation of a CCS heterodimer with a single subunit of superoxide dismutase, followed by insertion of a copper-binding carboxy-terminal region into the binding pocket of the enzyme and introduction of one atom of copper [53, 54] . Two-hybrid data also revealed formation of a heterodimer of ATX1 and the amino-terminal region of the coppertransporting ATPase, CCC2, responsible for copper import into the trans-Golgi network [55] . Both proteins have similar ferredoxin-like folds, and copper transfer from ATX1 to CCC2 is proposed to proceed via bridged copper-binding sites involving shared ligands [56] . Ligand invasion by the acceptor is thought to sequentially lead to the replacement of ATX1 ligands terminating with the release of apo-ATX1. The thermodynamic gradient for metal transfer in vitro was shallow, only 1.4 [57] , and it remains to be established whether transfer is vectoral in vivo and, if so, what drives transfer.
Open reading frame (ORF) ssr2857 from the fully sequenced genome of Synechocystis PCC 6803 encodes a polypeptide, designated Atx1, with similarity to the amino-terminal region of PacS (22%), CtaA (14%) and yeast ATX1 (22%) and containing the motif Cys-Xaa-Xaa-Cys but with no associated methionine residue. Membranes isolated from mutants de¢cient in atx1 had less cytochrome oxidase activity than membranes from wild-type cells. This phenotype was especially severe in atx1, ctaA double mutants and, in contrast to the ctaA single mutant, copper super-supplementation (to 0.8 WM) failed to reduce photo-oxidation of cytochrome c 6 [31] . In common with CtaA and PacS, Atx1 also acts positively with respect to copper-dependent thylakoid proteins, consistent with a role in the inward delivery of copper (Fig. 2a) .
Reconstitution of pure Atx1 under anaerobic conditions gave a copper:Atx1 stoichiometry close to one, the metal was displaced by p-(hydroxymercuri)phenylsulfonate (PMPS) indicating association with cysteine residues, and apo-PacS N (the isolated amino-terminal region of PacS) acquired copper from copper-Atx1 in vitro. Atx1 inter- Fig. 3 . a: Schematic drawing of the electrostatic surface of Synechocystis PCC 6803 Atx1 and three homologues from Anabaena PCC 7120. The deduced products of ORFs asr7638, asl3721 and asl2417 are predicted to possess a ferredoxin-like fold (L-K-L-L-K). The schematic drawing was generated using Hah1 as template. The positively charged, negatively charged and neutral amino acids are represented in blue, red and white, respectively, and cysteine residues of the Cys-Xaa-Xaa-Cys motif are represented in yellow. b: A comparison of yeast ATX1 and the predicted structure of Atx1 from Synechocystis PCC 6803. The imidazole ring of histidine 61 is predicted to protrude from loop 5 of the cyanobacterial protein providing a putative third copper ligand. Blue arrows and red helix indicate regions of L-strand and K-helix, respectively. c: NMR-derived solution structure of Zn 4 SmtA. A ribbon representation of the structure is shown with connectives for the four zinc ions (red circles) to cysteine thiols (yellow) or histidine imidazoles (hexagons). Elements of secondary structure, K-helix (red) and L-strand (blue), are shown. d: Comparison of the responses of cyanobacteria to elevated zinc. Synechocystis PCC 6803 and Synechococcus PCC 7942 have related zinc-responsive repressor proteins: ZiaR (modelled structure) and SmtB (resolved structure), respectively. In elevated cytosolic zinc, these proteins dissociate from the operator^promoter regions of their target genes, ziaA and smtA, and trigger expression of structurally di¡erent proteins with distinct consequences for the cellular distribution of zinc: export into the periplasm by ZiaA (ovals) or sequestration in the cytosol by SmtA (resolved structure). The ziaA and smtA genes and their associated operator^promoter regions are represented by white and blue rectangles, respectively. The smt operator^promoter contains two copies of the SmtB-binding site, the zia promoter only one copy of an equivalent hyphenated inverted repeat (thick blue lines). Zinc (red circles) associates with a pair of metal-binding sites (K5) within the SmtB dimer causing DNA dissociation and transcription prior to migration to a second pair of sites (K3N). In contrast, zinc binding at both pairs of sites is required for zinc responsiveness of ZiaR.
acted with the amino-terminal regions of both CtaA and PacS in a bacterial two-hybrid assay suggesting both a potential copper donor and acceptor. This interaction was lost when the cysteine pair was substituted with serine residues. Additivity of ctaA and atx1 with respect to impairment of cytochrome oxidase activity implies that CtaA is not obligatory for Atx1 function and that the metallochaperone may, at least optionally, acquire copper from other locations [31] . This could either be low-a⁄nity alternative copper importers or potentially adventitious sites. One attractive hypothesis is that Atx1 optionally acquires, and recycles, copper released from metalloproteins coincident with their degradation, a severe phenotype of the atx1, ctaA double mutant relating to loss of both import and e⁄cient copper recycling (Fig. 2b) .
Modelling the structure of Atx1 based upon known coordinates for yeast ATX1 or the human equivalent predicted that the imidazole group of histidine 61 located within loop 5 was in close proximity to the copper-binding cysteine pair (Fig. 3b) . It is tempting to speculate that this represents a third copper ligand. More than 100 genes encoding proteins related to Atx1 have been sequenced, including several from cyanobacteria, but to date only a homologue from the ¢lamentous, nitrogen-¢xing, oceanic cyanobacterium T. erythraem contains histidine in the equivalent location. None of the three Atx1-like proteins in Anabaena PCC 7120 contains this residue in this location. Nuclear magnetic resonance (NMR) shift maps showed movement of loop 5 of copper-Atx1 upon interaction with apo-CCC2a [56] . This would result in outward movement of a lysine residue which it was speculated may act as a trigger for copper release. Analogous movement of loop 5 of Synechocystis PCC 6803 Atx1 could displace the predicted third ligand, histidine 61, and it is easy to envisage how this could promote release to PacS. Conversely, entry of this residue into a shared binding site with CtaA would favour release to Atx1 (Fig. 4) . Extensive in vitro metal transfer data are required to obtain values for k exchange between Atx1, or its histidine 61 mutants, and either PacS N or CtaA N to establish any contributions of this residue to reversing the vector for copper transfer. NMR shift maps should also reveal the nature of any conformational changes in Synechocystis PCC 6803 Atx1 coincident with metal acquisition or release. The signi¢cance of such a model (Fig. 4) is that it provides a mechanism whereby the direction of metal transfer (1) can be reversed and (2) is not merely dictated by thermodynamics (di¡erences in a⁄nities of isolated donors and acceptors at equilibrium) but also by kinetics (transient changes in the conformations of copper-binding sites that solely occur during interaction).
Comment: Atx1, CopZ copper metallochaperones and transport theory
The amino-terminal domain of the Wilson's disease ATPase can associate with its ATP-binding region to impair phosphorylation [58] . Copper inhibits this interaction and therefore association of copper, and/or copper-Atx1, with the amino-terminal domains of ATPases could allow switching between the E 1 and E 2 states, and hence transport. ATPase mutants de¢cient in this region would remain transport-competent but lose some facet of metallo-regulation. As discussed previously, a widely favoured model is that copper transferred to/from the metallochaperone is the last/¢rst step in transport with metal somehow migrating between the intramembranous and aminoterminal regions of the ATPase. Assuming this to be correct, association of metallochaperones such as yeast Atx1, CopZ or Synechocystis PCC 6803 Atx1 with copper-transporting ATPases would in£uence k inside and hence the ratio k inside :k outside (Fig. 5) . The extent to which k inside is altered would be a complex function of apo-and copper-metallochaperone concentrations, k exchange for metal movement between the two proteins, plus association and dissociation rates for the metallochaperone and transporter. It is feasible that the balance of these factors could reverse the ratio k inside :k outside and hence switch the direction of transport from outward to inward, or vice versa, possibly coincident with changes in internal copper demand.
3. Zinc uptake in Synechocystis PCC 6803 : ZntABC/R An operon in Synechocystis PCC 6803 encodes proteins with similarity to the ZnuABC high-a⁄nity zinc import system of E. coli [59] . A divergently transcribed gene encodes a polypeptide with similarity to the low-zinc-sensing znu regulator, Zur. A mutant in ORF slr2043, encoding the ZnuC-like polypeptide, exhibits zinc-dependent growth and the gene has been designated zntC (http://www. kazusa.or.jp/cyanobase/Synechocystis/mutants/cgi-bin/ comshow.cgi ?id = slr2043). This cluster of genes was previously referred to as itzABC [60] . The processes of zinc import and detection of low zinc in Synechocystis PCC 6803 appear similar to E. coli, as described elsewhere (reviewed in [61] ) although there are some abnormal requirements for zinc enzymes in cyanobacteria. Carbon ¢xation requires a high concentration of carbon dioxide in the proximity of ribulose 1,5-biphosphate carboxylase/oxygenase (Rubisco) in order to encourage the otherwise less favoured carboxylase, as opposed to oxygenase, activity of this enzyme. Plants have evolved elaborate mechanisms to facilitate this process and in cyanobacteria the CO 2 -concentrating mechanism involves sequestration of Rubisco within specialised protein compartments, carboxysomes. Carbonic anhydrase co-localises to carboxysomes where it liberates CO 2 from bicarbonate to provide a substrateenriched micro-environment for Rubisco [62] . Zinc is required at the active site of carbonic anhydrase and therefore has a pivotal role in photosynthetic carbon ¢xation.
Zinc metallothionein, SmtA, from
Synechococcus PCC 7942
The cyanobacterium Synechococcus PCC 7942 synthesises a 56-amino acid cysteine-rich metal-binding protein, SmtA, in response to elevated concentrations of zinc, cadmium and copper. Transcription from the smtA operatorp romoter is maximally induced by zinc, compared to other metal ions [63] , and is mediated by the zinc-sensing, DNAbinding repressor, SmtB (reviewed in [64] ), which is transcribed divergently from smtA [63^66]. Mutants of Synechococcus PCC 7942 lacking smtA and smtB have substantially (c. ¢ve-fold) reduced tolerance to elevated zinc levels [67] and smtA-mediated restoration of zinc tolerance can be used as a selectable marker [67^69]. Conversely, mutants lacking the SmtB repressor and hence over-expressing SmtA have increased zinc resistance [68] . In addition to sequestering excess zinc, a role for SmtA in controlling the zinc status of zinc-requiring proteins, such as DNA primase, has been suggested [69] . Several review articles exist which describe in detail the characterisation of SmtA [70^72], this review will therefore only provide a super¢cial overview of earlier work and focus on recent advances.
Metallothioneins are small (typically 61 amino acids in humans), cysteine-rich proteins that bind and sequester metal ions within cells and are ubiquitous in eukaryotes. SmtA has been classi¢ed as a metallothionein although the sequence of SmtA does not show similarity to eukaryotic metallothioneins [63, 73] and it remains unclear whether or not SmtA and eukaryotic metallothioneins have analogous functions, the precise function of neither having been fully resolved. Multiple metallothionein genes are present in higher eukaryotes: at least 16 in humans and four in mice [74, 75] , with the MT-1 and MT-2 forms being the most widely expressed in di¡erent cell types. MT-1 and MT-2 are commonly isolated with zinc as the only metal constituent [76] , supporting the assertion that these proteins have a major role in the metabolism and deposition of this essential metal [77, 78] . The solution structures of several eukaryotic metallothioneins have been resolved [79^81] and provided the basis for understanding metal ion uptake and release. MT-1 and MT-2 bind seven zinc ions, which are tetrahedrally co-ordinated to the thiolate groups of cysteine residues in two distinct clusters: Zn 3 Cys 9 and Zn 4 Cys 11 [76, 81] . SmtA contains a smaller proportion of cysteine residues (16% compared to 33%) and also contains histidine residues raising obvious questions about whether or not there is exclusive thiolate liganding [63, 73] .
The metal-binding characteristics of SmtA have been examined. Initially, SmtA was produced as a glutathione S-transferase fusion protein in cells exposed to maximum permissive concentrations of zinc, and puri¢ed using glutathione-Sepharose [82] . A total of 3 nmol zinc was dis- placed from 1 nmol of SmtA by 8 nmol of PMPS indicating that eight of the nine cysteine residues within SmtA coordinate three zinc ions [82] . 111 Cd and 111 Cd-edited 1 H NMR spectra for this protein revealed at least three distinct metal-binding sites: two containing exclusively cysteine-thiolate ligands and one containing both cysteine-thiolate and histidine-imidazole [82] . Consistent with the latter, mutants of SmtA in which the histidine residues were altered to arginine showed impaired zinc binding [82] . More recently, SmtA has been produced with no associated fusion protein and puri¢ed using gel ¢ltration and ion exchange chromatography [83, 84] . Electrospray ionisation mass spectrometry revealed an abundant peak under acidic conditions corresponding to apo-SmtA lacking its N-terminal methionine; the absence of the methionine was also con¢rmed by N-terminal sequencing [83] . Above pH 5 the most abundant peak corresponded to SmtA associated with four zinc ions [84] . A stoichiometry of 4.4 ( þ 0.4) zinc per SmtA was also estimated from the zinc and sulfur content determined by inductively coupled plasma atomic emission spectroscopy [84] . Similarly, exposure of SmtA produced without the fusion protein to saturating amounts of PMPS caused the displacement of 4 nmol zinc per nmol of SmtA [84] . An addition of 9 nmol of PMPS was required to displace the four zinc ions, indicating the involvement of all nine cysteines in zinc co-ordination but con£icting with the previous assessment of eight cysteines co-ordinating three zinc in the fusion protein. The reason for this disparity is unresolved but there is a presumption that the non-fusion protein is the more biologically relevant.
A solution structure for SmtA has been resolved [83] . A superposition of the backbone traces of the best 20 NMRderived structures for Zn 4 SmtA revealed a cleft lined with the side chains of potential metal-binding cysteine and histidine residues [83] . 111 Cd-substituted SmtA has been used to assign the metal-binding ligands within SmtA, revealing two CdCys 4 sites and two CdCys 3 His sites linked by ¢ve bridging cysteine-thiolate sulfurs creating a Zn 4 Cys 9 His 2 cluster [83] . The re¢ned NMR solution structure of Zn 4 SmtA is shown in Fig. 3c . The inorganic core of SmtA strongly resembles the Zn 4 Cys 11 cluster of mammalian metallothioneins, despite a lack of sequence similarity in the proteins, a di¡erent order of metal-binding ligands and the presence of histidine ligands in the former.
Zinc associated with studied mammalian metallothioneins is kinetically labile and rapidly undergoes exchange reactions [85] . Stoichiometric amounts of cadmium are su⁄cient to displace all of the zinc [85] . In contrast, incubation of Zn 4 SmtA with up to 10 mol equivalents of cadmium resulted in the rapid displacement of 3 mol equivalents of zinc while 1 mol equivalent of zinc was retained [83] . Cadmium occupation of all four metal-binding sites could only be achieved by reconstitution of the apo-protein in vitro [83] . The inert zinc site within SmtA is one of the two ZnCys 4 sites and the thiolate sulfur ligands within this site are buried within the protein. Regions of Lstrand and K-helix surround the inert zinc site (Fig. 3c ) forming a structure with remarkable similarity to the zinc ¢ngers in GATA and LIM domain proteins [83] . Elements of secondary structure have not previously been reported for a metallothionein. Zinc ¢ngers have been extensively studied in eukaryotes where they are known to speci¢cally interact with other proteins or DNA (reviewed in [86] ). There has been a suggestion that prokaryotes have ''avoided the hidden cost of precise zinc homeostasis'' by not using such structures [87] . However, sequence motifs suggestive of zinc ¢ngers have subsequently been identi¢ed in bacterial proteins and several zinc-binding domains have been structurally characterised and described as zinc ¢ngers [88, 89] . SmtA provides structural proof for the existence of zinc ¢ngers in prokaryotes and analogous interactions to the eukaryotic counterparts are therefore anticipated. The zinc sites within SmtA may have evolved not only to allow zinc uptake and release for a zinc-bu¡-ering role, but also to enable speci¢c protein and/or DNA interactions.
It is envisaged that SmtA bu¡ers cellular zinc by scavenging excess from adventitious sites while zinc is retained in advantageous sites. Mutants de¢cient in smtA accumulate signi¢cantly less zinc than wild-type cells [68] , intracellular zinc sequestration by SmtA therefore appears to enhance zinc accumulation. However, there is no evidence that this is vital for zinc acquisition since smtA mutants are viable and show normal growth rates in medium not supplemented with zinc [67] . It is possible that in natural environments, enhanced zinc accumulation mediated by SmtA could confer a selective advantage with respect to competition for micro-nutrients. It is presumed that although SmtA causes some additional accumulation of zinc this is less than the total zinc sequestered, SmtA thus causing an overall reduction in the pool of highly labile excess zinc that is available to associate with adventitious sites. SmtA thus contributes towards metal selectivity in vivo by preventing 'surplus' atoms of zinc, in excess of those required for zinc metalloproteins (L Zn ), from binding to metalloproteins that require other metals (L M ), but that nonetheless have greater a⁄nity for zinc. Provided K Zn (SmtA) s K Zn (L M ) and provided the total number of binding sites (L Zn +SmtA) is greater than or equal to the number of atoms of zinc, then zinc will be excluded from L M allowing occupancy by some other met-
The fact that mutants that over-express SmtA are viable [68, 96, 97] implies that SmtA does not remove zinc from zinc-requiring proteins. It is unclear what prevents SmtA from removing zinc from advantageous sites. The con¢g-uration of the metal-binding sites may discriminate between zinc associated with advantageous and adventitious sites. How zinc is released from SmtA and the extent to which this plays a role in providing a source of zinc also remains unknown. Release may be mediated by protein degradation but it is possible that it is in£uenced by interactions with other molecules. Does the GATA zinc ¢nger in SmtA promote such interactions?
Nitric oxide elicits zinc release from eukaryotic zinc ¢n-ger transcription factors [90^92] and metallothioneins [93, 94] , with implications for both the regulation of gene expression by nitric oxide and a role in nitric oxide signalling for metallothioneins. Nitric oxide can also release zinc from SmtA expressed in E. coli cells [95] , which in turn leads to activation of gene expression by the zinc-responsive transcription factor ZntR. It will be of interest to test whether an smtA-de¢cient mutant of Synechococcus PCC 7942 is hypersensitive to nitric oxide exposure. Di¡erential e¡ects of nitric oxide on zinc release from the four sites within SmtA are also possible with some sites potentially being more susceptible than others. This would have implications for any in£uence of nitric oxide on interaction between SmtA and some unidenti¢ed partner(s).
BmtA and GatA in other bacteria, including Anabaena PCC 7120
It is more than a decade since the metallothionein from Synechococcus PCC 7942 was ¢rst puri¢ed [73] and the sequence of smtA reported [98] . However, the vast majority of experimental data regarding metallothioneins in prokaryotes still relates to SmtA. Indeed, there has been a conspicuous absence of smtA-related genes in the majority of sequenced bacterial genomes. Similarly, there have been no detailed reports of the puri¢cation of bacterial metallothionein-like proteins, except from a metal-resistant Pseudomonas putida isolate [99] but the presumptive protein/gene was never sequenced. It has, however, recently become apparent that SmtA-like sequences are present in several cyanobacteria and other bacteria [84] and grouped as bacterial metallothioneins (BmtA) or GatA, based upon the presence (Fig. 6a,b) or absence (Fig. 6c) of residues predicted to form a metallothionein cluster.
The ¢rst report of a smtA-related gene from an organism other than Synechococcus PCC 7942 (and the closely related strain PCC 6301) was mtnA from the cyanobacterium Synechococcus vulcanus [100] . SmtA is only 56 residues in length and it was considered possible that the small size of the corresponding ORFs for related proteins may have allowed them to be overlooked during genome sequence annotation. To identify other related ORFs, the six-frame translations of sequenced bacterial genomes were therefore interrogated with the primary sequence of SmtA. Initially four bacterial sequences with signi¢cant similarity to SmtA were identi¢ed from the cyanobacterium Anabaena PCC 7120, Pseudomonas aeruginosa PAO1, P. putida KT2440 and E. coli K12 [84] . It is noteworthy that the Anabaena PCC 7120 ORF is not identi¢-able within the annotated genome (http://www.kazusa.or.jp/cyano/Anabaena) due to being present within the sequence of a larger ORF (asr3266), but in the opposite orientation. Furthermore, the SmtA-related sequence is not retrievable using a BLAST (http://www.ncbi.nlm.nih. gov/BLAST/) similarity search. Transcripts for the smtArelated ORF have, however, been detected in Anabaena PCC 7120 RNA using reverse transcriptase polymerase chain reaction (P. Bowness, unpublished), indicating that Fig. 6 . Multiple sequence alignment of BmtA and GatA family members. An alignment of BmtA proteins from (a) cyanobacteria, including SmtA, and (b) non-cyanobacteria predicted to form a GATA zinc ¢nger and metal cluster. The primary sequences shown are from Synechococcus PCC 7942, Synechococcus PCC 7002, Thermosynechococcus elongatus BP-1, Synechococcus vulcanus, Anabaena PCC 7120, Synechococcus WH 8120, Pseudomonas aeruginosa PA01, Pseudomonas putida KT 2440, Pseudomonas £uorescens Pf01, Pseudomonas £uorescens SBW25, Staphylococcus epidermidis and Magnetospirillum magnetotacticum MS-1. Residues known to be metal-binding ligands in SmtA and/or conserved in other sequences are shaded black (cysteines) and dark grey (histidines), while other potential metal-binding residues are shaded in light grey. A more divergent sequence from Nostoc punctiforme has also been included which contains some conserved metal-binding residues. c: An alignment of GatA proteins predicted to form a single zinc site with a SmtA-like zinc ¢nger fold but no cluster. The primary sequences shown are GatA from Escherichia coli K-12, Salmonella typhi CT18, Salmonella typhimurium LT2 and Klebsiella pneumoniae M6H 78578. SmtA from Synechococcus PCC 7942 is also included for comparison. Conserved zinc-binding ligands of the zinc ¢nger are shaded black and conserved alanine and tyrosine residues that are predicted (or known) to form a CH/Z interaction are underlined. Alignments were generated using ClustalW (http://www.ebi.ac.uk/clustalw) and edited manually.
the SmtA-related protein is produced. The existence of other related, but currently invisible, genes in other annotated genomes can therefore not be excluded.
The metal-binding characteristics of the SmtA-related protein from Anabaena PCC 7120 have been examined following its over-expression (with no associated fusion protein) in zinc-exposed E. coli and puri¢cation using gel ¢ltration and ion exchange chromatography [84] . Estimations of the zinc content revealed four zinc ions. The stability of zinc binding at low pH was relatively similar to that of SmtA, with c. 50% of the bound zinc retained at pH 4.1. Displacement of zinc by saturating amounts of PMPS con¢rmed thiolate co-ordination [84] . Similar metal-binding characteristics were also shown [84] for the two pseudomonad proteins (although these were puri¢ed associated with only three zinc ions), but not the E. coli protein. 111 Cd NMR analysis of the Anabaena PCC 7120 protein indicated two metal-binding sites each composed of four cysteine-thiolate ligands [84] , while a further pair of sites composed of cysteine and histidine ligands were detected by 111 Cd NMR and 111 Cd-edited 1 H NMR. Hence the metal environment appears to be analogous to that of SmtA, with two CdCys 4 sites and two CdCys 3 His sites, and a role in sequestering cytosolic zinc is anticipated.
The SmtA-related protein identi¢ed in E. coli was copuri¢ed with only a single zinc ion with low stability towards proton displacement [84] . Titration of 1 nmol of this protein with 4 nmol of PMPS released the zinc [84] , indicating that all four cysteine residues are involved in zinc co-ordination, and exclusive cysteine-thiolate co-ordination was con¢rmed by 111 Cd NMR and 111 Cd-edited 1 H NMR [84] . The thiols in mammalian zinc metallothionein are highly reactive towards the modifying agent 5,5P-dithiobis-(2-nitrobenzoic acid). Reactivity varies between di¡erent mammalian metallothioneins [101] , and even between the two domains of the same metallothionein [102] , and is correlated with the capacity to exchange zinc in vivo [102] . A more rapid reaction with 5,5P-dithiobis-(2-nitrobenzoic acid) was detected for the thiol groups in the E. coli protein than the bacterial metallothioneins [84] , indicating that zinc associated with the E. coli protein is more labile.
The spectral ¢ngerprints associated with the zinc ¢nger in SmtA are also present in the two-dimensional 1 H NMR spectra of the E. coli protein and the P. aeruginosa and Anabaena PCC 7120 proteins (the P. putida protein was not examined). Hence, although the E. coli protein clearly lacks a metallothionein cluster, an SmtA-like zinc ¢nger is present; hence its classi¢cation as GatA [84] . A role for E. coli GatA in the sequestration of excess zinc is not anticipated and by analogy to eukaryotic zinc ¢ngers, some form of macromolecular interaction is predicted.
SmtA-like zinc ¢ngers have been characterised either associated with a metallothionein cluster (Fig. 6a,b) or independently (Fig. 6c) . The BmtA sequences from other cyanobacteria (with the notable exception of N. punctiforme) share greatest similarity with SmtA. It is noteworthy that not all of the metal-binding residues in SmtA are conserved in the BmtA sequences and other candidate metal-binding residues may substitute for these ligands. This may re£ect altered metal speci¢city. The majority of these sequences, including from Anabaena PCC 7120, are not associated with an smtB-like gene and it remains to be established whether or not these proteins are expressed in response to zinc and contribute towards the detoxi¢cation of excess.
In addition to E. coli, GatA sequences have been identi¢ed (Fig. 6c) in Salmonella typhi, Salmonella typhimurium and Klebsiella pneumoniae, notably pathogens. The four cysteine residues that form the zinc site are conserved in all of these sequences (Fig. 6c) . Alanine and tyrosine residues that interact to give the zinc ¢nger spectral ¢nger-print are also conserved and these proteins are predicted to fold to form an SmtA-like zinc ¢nger. Interactive partners for these proteins remain to be identi¢ed. It is not yet known which zinc sites in SmtA are accessible for zinc release by nitric oxide. Nitric oxide is a central component of innate immunity, the reaction between hydroxyl radicals and nitric oxide leading to the production of highly toxic peroxynitrate, important in pathogen killing. Bacteria possess resistance mechanisms that remove nitric oxide preventing the generation of these reactive nitrogen species. Do the GatA zinc ¢ngers play a role in nitric oxide signalling and hence contribute to virulence?
Zinc export by ZiaA from Synechocystis PCC 6803
The ziaA gene in Synechocystis PCC 6803 encodes a polypeptide with sequence similarity to metal-transporting P 1 -type ATPases [103] . Transcription of ziaA is induced by zinc, but not by other metal ions, and is mediated by the SmtB-related zinc-responsive repressor ZiaR [103] . Mutants de¢cient in ziaA have reduced tolerance to zinc and show reduced export of zinc to the periplasm [103] . ziaA-mediated restoration of zinc tolerance can be used as a selectable marker supporting a role as a zinc exporter [103] . ziaA mutants also show reduced tolerance to lead but transcription of ziaA is not induced by lead, even at inhibitory concentrations (unpublished), indicating that lead detoxi¢cation is not the primary role for ZiaA.
The regulators of SmtA and ZiaA (SmtB and ZiaR) are very similar in amino acid sequence and, at least with respect to zinc tolerance, ziaA/ziaR and smtA/smtB are interchangeable. Mutants of Synechocystis PCC 6803 lacking ziaA have ¢ve-fold reduced tolerance to zinc [103] . Similarly, a ¢ve-fold reduction in zinc tolerance is detected for mutants of Synechococcus PCC 7942 lacking smtA (and smtB) [67] . The introduction of ziaA and ziaR into these mutants restores normal zinc tolerance [103] . No protein with similarity to SmtA has been detected in the Synechocystis PCC 6803 genome and the analogy between ZiaA and SmtA raises questions regarding their functions. Both SmtB and ZiaR sense cytosolic levels of zinc; however, in response to elevated zinc these proteins induce the expression of genes encoding di¡erent structural proteins with very di¡erent consequences for the cell biology of zinc (Fig. 3d) : SmtB triggers zinc sequestration within the cytosol [63] while ZiaR triggers zinc e¥ux into the periplasm [103] . It is unclear whether SmtA contributes solely to zinc detoxi¢cation equivalent to zinc export, or also serves as a zinc store. The latter could imply that SmtB acts to maintain zinc supply while ZiaR is solely a regulator of zinc detoxi¢cation. This could select for different modes of action for the two sensors, for example with respect to the metal-binding sites required for DNA dissociation (Fig. 3d) . Alternatively the periplasm could be used as an alternative zinc store in Synechocystis PCC 6803 with periplasmic zinc-binding proteins serving analogous storage roles to that proposed for SmtA in Synechococcus PCC 7942.
The genome sequence of Anabaena PCC 7120 is now complete and intriguingly, this organism contains genes for both a metallothionein (refer to Section 4.1) and a ZiaA-like zinc exporter. The latter is divergently transcribed from a ziaR/smtB-like gene, while no such gene is associated with bmtA. It remains to be established whether or not BmtA in this organism is expressed in response to zinc and contributes towards the sequestration of excess zinc. Does SmtB-ZiaR have multiple targets in Anabaena PCC 7120? Unlike Synechococcus PCC 7942 and Synechocystis PCC 6803, Anabaena PCC 7120 di¡er-entiates to generate specialised nitrogen-¢xing heterocysts. These cells are devoid of photosynthetic activity to maintain anaerobic conditions, protecting the iron^molybde-num cofactor of nitrogenase. The metal requirements of heterocysts could be a relic, re£ecting a reversion to metal recruitment during 'pre-dioxygen' evolution, the metallocentre of nitrogenase having to be protected from competing metal ions such as zinc. It is formally possible that BmtA and ZiaA are expressed in di¡erent cell types in this organism and either, or both, may contribute to specialised metal homeostasis of heterocysts.
The multiple P 1 -type ATPases of
Synechocystis PCC 6803 : cobalt and CoaT
In addition to sodium/potassium-and calcium-transporting P-type ATPases [32] , PacS, CtaA and ZiaA, the genome of Synechocystis PCC 6803 [104] contains (at least) one further gene encoding a P-type, transition metal-transporting, ATPase, designated CoaT (Fig. 2c) . Mutants with disrupted coaT have reduced tolerance to cobalt [105, 106] but normal resistance to other metals tested, and coaT transcripts solely accumulate in response to cobalt supplementation [105] . Synechocystis PCC 6803 requires cobalt for the synthesis of cobalamin and it is presumed that CoaT exports cobalt that is surplus to this requirement. Predictions of hydrophobic K-helical trans-membrane domains suggest a relatively short (c. 38 residues) soluble cytoplasmic amino-terminal region that bears no resemblance to those of ZiaA, PacS or CtaA and could not form a ferredoxin-like fold. CoaT is also devoid of any Cys-Xaa-Xaa-Cys motif, and ¢nally the membranous CysPro-Cys motif found in CtaA, PacS and ZiaA is substituted with Ser-Pro-Cys in CoaT. A gene encoding a polypeptide with similar features to CoaT imports zinc in response to oxidative stress in Bacillus subtilis [107] highlighting questions about what determines metal selectivity and the direction of transport.
The role of the amino-terminal domains of metal-transporting ATPases remains unclear, especially since mutation of the metal-binding residues within this region does not abolish metal transport [108] . One hypothesis is that these domains enhance scavenging of the correct metal ions in the context of abundant competing cytosolic ligands, this process being further enhanced by interaction with metallochaperones. Phenotypes associated with loss of this function may therefore be di⁄cult to detect in vitro or in the presence of excess metal in vivo. Synechocystis PCC 6803 is (at the time of writing) the only organism containing both an Atx1/CopZ-like metallochaperone and multiple characterised metal-transporting P 1 -type ATPases of di¡erent metal speci¢city (Fig. 2) . Atx1 solely interacted with the amino-terminal domains of the two copper transporters, not ZiaA or CoaT, in a bacterial two-hybrid assay [31] . In theory, the speci¢city of the contact surfaces between a metallochaperone and the amino-terminal domains of ATPases, as opposed to the inherent metal-binding preferences of the latter, could dictate which metals are acquired from the cytosol.
Transcriptional regulators, ZiaR, CoaR and SmtB
Zinc-dependent expression of SmtA is mediated by the product of a divergently transcribed gene, smtB [63] , and a related sensor, ZiaR, regulates transcription of ziaA [103] . Both are transcriptional repressors, repression being alleviated by e¡ector (zinc) binding. Structures of related sensors CadC (cadmium/lead/bismuth), ArsR (oxyanions of arsenic/bismuth/tin), CzrA (cobalt/zinc) and NmtR (cobalt/nickel) (reviewed in [64] ) have been modelled upon that of SmtB [109] . Diversity in the metal-binding sites of these sensors, based upon their di¡erent ligand sets (cysteinyl-thiol, histidine-imidazole, aspartate-carboxyl), co-ordination geometries (trigonal, tetrahedral, octahedral) and intramolecular locations (at either or both of two possible dimer interfaces, K3N or K5, or K3) all contribute towards the observed variation in metals sensed. However, it is clear that access to cytosolic labile pools for di¡erent metals is also restricted by other cellular factors and not solely dictated by the relative a⁄nities of the sensors [110] . CopZ is currently the only metallochaperone thought to interact with a metal sensor, CopY, but it is formally possible that such speci¢c metal donation represents the paradigm, rather than the exception.
Expression of coaT is also controlled in a metal-dependent manner by the product of a divergently transcribed gene, coaR [105] . CoaR is a cobalt-responsive activator of an abnormally spaced operator^promoter analogous to MerR (reviewed in [111] ). An unusual feature of CoaR is the presence of a domain showing similarity to precorrin isomerase, an enzyme of cobalamin biosynthesis. This enzyme is known to bind avidly to intermediates in the pathway for cobalamin biosynthesis, notably hydrogenobyrinic acid [112] , but this does not appear to be a prerequisite for induction since CoaR retains cobalt-speci¢c activation in E. coli, an organism that does not synthesise cobalamin. A favoured hypothesis is that the precorrin isomerase module adapts the response of CoaR to prevent cobalt-mediated activation of export when there is an accumulation of intermediates of cobalamin biosynthesis, and hence a metabolic requirement for cobalt. Presumably, some form of integration of organic and inorganic metabolism is required for other sensors that detect excess or de¢ciency of essential metals.
Prospective: What dictates metal selectivity ?
About one third of known proteins require metals either to assist folding or to drive catalysis [113] . Essential metals vary from species to species [1] . A core of about eight, Fe, Cu, Zn, Mn, Mo, Ca, Mg, K, are required by most organisms, the latter contributing 'bulk' ions but also required in some macromolecules. Others such as Ni, Co, V are required by specialised enzymes in a smaller sub-set of species and ¢nally W, Sr, Ba are among a group known or suspected to have essential roles in at least one species. There is a growing catalogue of proteins with greater af¢nity (at equilibrium in vitro) for metals other than those required for function. How, therefore, do the correct metals locate to the correct proteins in vivo?
The selective co-ordination environments of metalloproteins are clearly a contributory factor, but insu⁄cient alone. The homeostatic systems described here, and in other reviews, ensure that cells contain su⁄cient atoms of each inorganic element to satisfy the requirements of metalloproteins while avoiding any excess that would otherwise compete for inappropriate (adventitious) sites. Metal selectivity 'within the homeostatic proteins' (metal sensors, metal transporters, sequestration proteins and metallochaperones) is paramount, although its biochemical basis has largely been ignored in this review.
To what extent do metal-speci¢c sensors contribute towards the action, and especially metal selectivity, of the homeostatic proteins whose genes they regulate ? In theory a transporter such as CoaT could be competent to export and detoxify zinc, but fails to do so because it is only made under cobalt excess and is otherwise absent from the cell. Exclusive production under cobalt excess may also serve to minimise export of required cobalt atoms. In this context it is noteworthy that de-regulated constitutive expression of SmtA [97] did not inhibit cell growth in normal media suggesting that apo-SmtA only 'gained access' to surplus zinc. If this were a general phenomenon for homeostatic proteins then metallo-regulators might appear super£uous. Perhaps a principal selective advantage of metal-speci¢c transcriptional regulators is to conserve the energetic cost of synthesising proteins at times when they are not required.
Interaction of Synechocystis PCC 6803 Atx1 solely with copper-transporting ATPases exempli¢es how the speci¢c-ity of the contact surfaces between a metallochaperone and metalloprotein, as opposed to the inherent metalbinding preferences of the latter, could dictate which metals are acquired from the cytosol. This may be as important for preventing the 'wrong' metals from binding to a protein as facilitating delivery of the correct metals. For example, in the absence of copper metallochaperones (at least within the cytosol of copper-requiring organisms) copper might displace zinc from a sub-set of zinc proteins. Future work will establish whether or not metallochaperones are widespread and for which target metals. Selective interactions with non-protein, intracellular metal ligands (e.g. glutathione, organic acids, polyketides) could also in£uence which metals become available to which bacterial metalloproteins. There is a need to identify the labile metal pools available to di¡erent metalloproteins and to understand the factors that restrict access to these.
Bacterial metallothioneins contribute towards metal selectivity by preventing any accumulation of free zinc even when the cell contains a surplus in excess of that required by zinc metalloproteins. As discussed in Section 4, this inhibits adventitious occupancy by zinc of metalloproteins that require other metals but nonetheless have a greater a⁄nity for zinc.
Metal-containing cofactors, such as tetrapyrroles, e¡ec-tively contribute towards selectivity for some proteins that now need only recognise the peripheral modi¢cations of the correct metal-containing ring. For this sub-set of metalloproteins, accurate selectivity at the point of metal insertion into the tetrapyrrole becomes paramount and this is mediated by speci¢c chelatases. However, these enzymes can be surprisingly catholic in vitro, capable of inserting the wrong metals, and it is predicted that in vivo this is resolved by metallochaperones delivering only the correct metals to the chelatase (reviewed in [114] ). In cells harbouring multiple chelatases there will be a requirement for a network of delivery proteins. Plants and cyanobacteria require magnesium chelatases (for chlorophyll) in addition to ferrochelatases (haem); however, higher plants are unusual in having no requirement for cobalt, vitamin B 12 and hence, nor cobalt chelatases. In this respect cyanobacteria are of special interest.
